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Purpose: Little is known about the behavior of the endothelial cell (EC) layer following keratoplasty. In vitro experi- 
ments suggested that the peripheral endothelium might have a higher regenerative capacity than the central endothelium, 
and some authors hypothesized that endothelial progenitor cells are present in the limbal area. Thus, we analyzed the 
corneal endothelial regenerative capacity in vivo in a rat model of bullous keratopathy using either bullous central grafts 
or bullous peripheral recipient corneas to analyze differences in EC regeneration depending on central versus peripheral 
cell origin. 

Methods: Bullous keratopathy was induced in Lewis rats with an intracameral injection of benzalkonium chloride 
(0.05%; BAK). Three days later, the central area of the bullous cornea was excised and used as a bullous graft, trans- 
planted to a healthy, green fluorescent protein (GFP)-transgeneic Lewis receipient rat (group 'bullous graft'). In return, 
the mentioned rat eye with the bullous keratopathy received a healthy GFP-transgeneic corneal transplant (group 'bullous 
host'). A subgroup of these animals received a healthy, excentrically trephined including parts of the limbus (group 'bul- 
lous host, limbo-keratoplasty'). The grafts were monitored clinically for 7 weeks. Subsequently, the mean EC density 
was calculated on corneal whole mounts with Alizarin Red S staining. GFP was analyzed with confocal microscopy to 
determine EC origin. Untreated fellow eyes served as controls. 

Results: BAK injection led to a significant decrease in the mean EC density with subsequent bullous keratopathy. In 
the control eyes, the mean EC density was 3,744 cells/mm 2 in the center and 2,811 cells/ mm 2 in the periphery. In eyes 
with bullous keratopathy, only 233 cells/mm 2 in the center and 622 cells/mm 2 in the periphery were observed three days 
after BAK-injection. Bullous transplants in the group 'bullous graft' cleared, and GFP-positive cells were detected on 
the transplant. In contrast, no GFP-positive ECs were detected on the host cornea in the groups 'bullous host'. 
Conclusions: ECs from the peripheral cornea have the ability to cross the graft border and compensate for the pathologi- 
cally altered/absent endothelium on the graft. In contrast, ECs derived from the central cornea remain central on the 
graft and do not replace or regenerate peripheral ECs in our model of bullous keratopathy. 



The corneal endothelial cell (EC) layer is crucial for 
corneal clarity: If the corneal EC density falls below a critical 
threshold, the barrier and pump function of the endothelium 
cannot be maintained, and the cornea becomes edematous 
and presents as bullous keratopathy. This is a major indication 
of orthotopically placed penetrating keratoplasty, or poste- 
rior lamellar keratoplasty [1,2]. However, even after corneal 
transplantation, which has a good prognosis for most low-risk 
indications [3,4], corneal decompensation due to chronic EC 
loss can occur and might lead to transplant failure [5]. Even 
though the EC layer is important for corneal clarity and thus 
visual acuity, little is known about the endothelial reactions 
following corneal transplantation. 

In rodents and humans, some degree of reparative 
mechanisms are present in the EC layer. Even though human 
EC rarely divide physiologically, they have the ability to 
migrate and enlarge to compensate for smaller defects in 
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the EC layer [6]. Ex vivo experiments suggest that the loca- 
tion of ECs might play a role in their regenerative capacity: 
Different groups have demonstrated that ECs obtained from 
the corneal periphery compared to the center have a higher 
regenerative capacity in vitro [7-9], and the presence of endo- 
thelial precursor cells in the corneal periphery or limbal area 
has been proposed. These data obtained in vitro support the 
hypothesis that the peripheral and central endothelium might 
differ in their regenerative capacity. 

To further clarify this issue and its relevance in vivo, 
we analyzed central and peripheral endothelial regeneration 
following keratoplasty in a rat corneal transplant model. EC 
density was reduced before keratoplasty by treatment of either 
the corneal graft or the host with benzalkonium chloride 
(BAK), leading to bullous keratopathy. Subsequently, either 
a BAK-damaged corneal button was grafted to a healthy 
recipient rat or an untreated transplant was transplanted into 
a BAK-damaged recipient cornea. We also evaluated EC 
regeneration using untreated limbocorneal grafts in BAK- 
treated recipients to assess the possible role of limbal ECs in 
repopulating the damaged peripheral recipient endothelium. 
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Transplantations were performed between green fluorescent 
protein (GFP) transgenic and wild-type rats to monitor EC 
origin aside from cell density and morphology. An immune 
response was excluded by syngeneic grafting. 

METHODS 

Animals: All transplantations were performed in a syngeneic 
setting to avoid immune reactions using wild-type Lewis 
rats or GFP-transgenic Lewis rats (strain kindly provided 
by Professor Eiji Kobayashi, Japan [10]). Wild-type rats 
(>8 weeks old) were obtained from Charles River (Sulzfeld, 
Germany). All animals were handled in accordance with the 
ARVO Statement for the Use of Animals in Ophthalmic and 
Vision Research. Experiments were approved by the IACUC 
of the University of Freiburg, Germany. 

Bullous keratopathy: To induce bullous keratopathy, BAK 
0.05% was injected into the anterior chamber of rat eyes. 
Inbred Lewis rats were anaesthetized with inhalative isoflu- 
rane 4%. The anterior chamber of one eye was punctured 
using a fine glass needle and rinsed with BAK for 90 s, 
followed by rinsing with 0.9% sodium chloride for another 
90 s. The corneal puncture was sealed with a small air bubble. 
Antibiotic ointment was applied, and a tarsorrhaphy was left 
in place for 3 days. The fellow eye was left untreated and 
served as the control. After 3 days, development of bullous 
keratopathy was confirmed using an operating microscope. 
Five animals were sacrificed at this time point to prepare 
flatmount preparations of treated and untreated corneas to 
evaluate mean EC density with Alizarin Red S stains. The 
other treated animals were used for the following keratoplasty 
experiments. 

Groups: BAK-damaged bulbi received an untreated donor 
cornea from a GFP-transgenic Lewis rat (3.5 mm graft 
diameter, group 'bullous host'), while the excised central 
part of the BAK-damaged cornea (3 mm) was in return used 
as a transplant with reduced EC density for a healthy GFP- 
transgenic host (excision 2.5 mm; group 'bullous graft'). 

Transplants were excised centrally and placed ortho- 
topically to the central area of the recipient corneas in the 
usual fashion. However, since the effect of location of EC 
origin was to be analyzed, we also performed transplanta- 
tions in the group 'bullous host' where we used excentrically 
trephined grafts including parts of the limbus as performed in 
penetrating central limbo-keratoplasty (group 'bullous host, 
limbo-keratoplasty') [11]. 

Corneal transplantations: Orthotopic corneal transplanta- 
tions were performed as previously described [12]. Animals 
were anaesthetized using isoflurane inhalation followed by 
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ketamine hydrochloride 100 mg/kg and atropine and xylazine 
0.5 mg/kg intraperitoneally. Mydriatic eye drops were applied. 
Corneas were trephined using a 2.5, 3.0, or 3.5 mm trephine, 
respectively, to create an overlap of 0.5 mm between the 
donor and recipient cornea. All grafts were excised centrally, 
except the grafts from the group 'bullous host, limbo- 
keratoplasty'. In these experiments, the grafts were excised 
excentrically after the conjunctiva was removed, including a 
portion of the limbus in one quadrant. The adhering iris root 
was removed using forceps. Twelve interrupted sutures (11.0 
Ethilon; Ethicon, Norderstedt, Germany) were used to fix the 
allografts including the limbal grafts centrally. Antibiotic 
ointment was administered, and a tarsorrhaphy was left in 
place for 3 days. Grafts were repeatedly analyzed for corneal 
opacity according to an international score: 0: completely 
transparent corneal graft; 1: slight corneal graft opacity, but 
details of the iris vessel clearly visible; 2: moderate corneal 
graft opacity, iris vessels still visible; 3: strong corneal graft 
opacity, only pupil margin visible; 4: complete corneal graft 
opacity, pupil not visible. Rejection was defined as complete 
graft opacity (grade 4). Animals with surgical complications 
such as intraocular hemorrhage or cataract were excluded 
from further analysis. 

Histological examination: Eyes were enucleated, and the 
corneas including the limbus were excised. Corneas were 
divided in half and prepared as corneal f latmounts with the 
endothelial side facing upward. One half of the corneas was 
used to stain the EC borders: Alizarin red S was applied 
for 1.5 min (pH = 4.3), and cell nuclei were counterstained 
with 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, 
Munich, Germany). Cell density was evaluated using a Carl 
Zeiss (Jena, Germany) microscope and analySIS software 
(Olympus, Hamburg, Germany): Cells were manually identi- 
fied, and average cell density was calculated based on three 
counting frames for the graft and the host cornea, respectively. 
The other half of the corneas was fixated using methanol-free 
paraformaldehyde for 20 min at room temperature, washed in 
PBS (lx; 138 mM NaCl, 2.7 mM KC1, 1.5 mM KH,P0 4 , 8.1 
mM Na 2 HP0 4 -H 2 0, pH 7.0-7.3), and placed on glass slides 
with DAPI-Moviol to stain cell nuclei. The GFP positivity of 
the EC layer was analyzed using a confocal microscope and 
appropriate filters (Carl Zeiss). 

Statistical analysis: Graft survival was analyzed using the 
Kaplan-Meier method. Cell counts were compared between 
groups using the t test. Opacity scores at different time points 
were compared using the Kruskal-Wallis test. p<0.05 was 
regarded as statistically significant. 
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RESULTS 

Induction of bullous keratopathy: Injection of BAK into 
the anterior chamber resulted in bullous keratopathy, which 
was clinically evident after 3 days. Alizarin Red S stainings 
of corneal flatmount preparations at this time point (n = 5) 
demonstrated a pronounced decrease in EC density. While the 
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untreated fellow eyes, which served as controls, had a mean 
EC density of 3,744/mm 2 centrally and 2,811/mm 2 peripher- 
ally, it was reduced following BAK treatment to 233/mm 2 
centrally and 622/mm 2 peripherally, respectively (Figure 1). 
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Figure 1. Induction of bullous 
keratopathy with intracameral 
benzalkonium chloride injection. 
A decrease was observed in the 
endothelial cell density (ECD) in 
the eyes treated with benzalkonium 
chloride (BAK) compared to the 
untreated fellow eyes. Cell counts 
(top), Alizarin Red S staining 
(middle), and clinical picture 
(bottom) are shown. 
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Figure 2. Opacity: Clinical follow- 
up of all animals. Animals with 
benzalkonium chloride (BAK)- 
damaged corneas were used for 
(1) donating a corneal graft with 
a greatly reduced endothelial cell 
layer, which was transplanted to a 
healthy recipient (group 'bullous 
graft', n=6), and (2) serving as a 
recipient with bullous keratopathy 
that received a healthy graft (group 
'bullous host', n=6). A subgroup 
of the bullous host group received 
a healthy graft including a limbal 
portion (group 'bullous host, limbo- 
keratoplasty', n=5). Animals were 
followed clinically for 7 weeks for 
opacity of the graft. Opacity score: 0: completely transparent corneal graft; 1: slight corneal graft opacity, but details of iris vessel clearly 
visible; 2: moderate corneal graft opacity, iris vessels still visible; 3: strong corneal graft opacity, only pupil margin visible; 4: complete 
corneal graft opacity, pupil not visible. Shown: mean±standard deviation. 
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Perforating keratoplasty in hosts with bullous keratopathy 
(group 'bullous host'): 

Clinical follow-up — Eyes with bullous keratopathy 
received a corneal transplant with a healthy endothelium. 
Clinical follow-up for 7 weeks showed no signs of rejec- 
tion. The mean initial opacity of 1.6 and 2.0 (group 'bullous 
host' (n=6) and group 'bullous host, limbo-keratoplasty' 
(n=5)), subsequently decreased to a mean of 1.0 and 1.3 for 
the group 'bullous host' and the group 'bullous host, limbo- 
keratoplasty', respectively, at 7 weeks follow-up (Figure 
2). The difference between the groups was not statistically 
significant. 

Endothelial cell origin — Confocal microscopy of the 
endothelial cell layer revealed an intact EC layer on the grafts 
in this group. All transplants demonstrated GFP positivity 
for the ECs. The GFP-positive ECs expanded only into the 
graft border zone and did not expand onto the host cornea, 
in neither the group 'bullous host' (Figure 3) nor the group 
'bullous host, limbo-keratoplasty'. The host cornea remained 
covered with the previously BAK-damaged host endothelium. 

Bullous grafts transplanted to healthy green fluorescent 
protein transgenic recipient rats (group 'bullous graft'): 

Clinical follow-up — Bullous grafts initially showed a 
mean opacity of 2.3 after 3 days, followed by a subsequent 
decrease to 1.3 at 7 weeks follow-up (n = 6). No graft reached 
grade 4 opacity, which is defined as corneal rejection (Figure 
2). 



Endothelial cell origin: Confocal analysis of the EC layer 
7 weeks following keratoplasty revealed a regular GFP- 
positive EC layer in the untreated host. On the graft, which 
was derived from a GFP-negative rat, GFP-positive ECs were 
detected in all animals. Thus, the EC layer on the graft was 
restored by the host. The regenerated ECs showed increased 
cell polymorphism and polymegathism (Figure 4). The EC 
density on the graft was l,767±477/mm 2 and 2,878±381/mm 2 
on the host cornea. 

DISCUSSION 

Ex vivo experiments have indicated that peripheral ECs might 
have a higher capacity to proliferate or compensate for endo- 
thelial wounds, and have even led to the hypothesis that EC 
precursor cells are located in the corneal periphery or limbal 
area: As early as 1998, Bednarz et al. cultured human corneal 
ECs and detected different characteristics of ECs depending 
on their position on the human cornea. Cells isolated from 
the central part of the cornea showed cell enlargement but no 
cell division to cover defects in the monolayer. In contrast, 
ECs isolated from the peripheral part of the cornea seemed 
not as tightly packed, and space was filled due to cell divi- 
sion rather than cell enlargement [13]. Later, Mimura et al. 
examined healing responses to scrape wounds of whole 
ex vivo cultured human corneas. The researchers noticed 
that human cultured ECs from the peripheral area retained 
higher replication competence compared to central cells, 
regardless of donor age [9]. The observation of cells with 
increased regenerative capacity finally led to the hypothesis 
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Figure 3. Healthy graft in a recipient 
cornea with bullous keratopathy 
(Group 'bullous host'). The healthy 
graft endothelium remains on the 
graft. The peripheral benzalkonium 
chloride (BAK)-damaged endothe- 
lium is not replaced by the green 
fluorescent protein (GFP)-positive 
graft endothelium. A: High magni- 
fication of the endothelial cell layer 
of the host and the graft (original 
magnification: 1200x). B: Overview 
showing the graft border zone. The 
white arrow indicates one of the 
sutures in the host-graft junction 
(original magnification: 100x). 



of endothelial precursors in the posterior limbal area, from 
where these cells might migrate to the endothelial periphery 
and, perhaps, to wounded areas of the corneal endothelium 
when needed [8,14,15]. 

It was our goal to explore potential differences in the 
regenerative capacity of the central and peripheral corneal 
endothelium in vivo. Therefore, we used a syngeneic rat kera- 
toplasty model. Our own recent experiments (data not shown) 



confirmed that syngeneic transplantation between Lewis 
rats using GFP-positive donors and GFP-negative littermates 
did not lead to rejection of the graft, and the host and graft 
endothelium remained intact. To study corneal endothelial 
regeneration, EC damage was induced by BAK, resulting in 
bullous keratopathy in either donors or recipients. 

BAK is toxic for ECs [16] and has been used to experi- 
mentally induce bullous keratopathy by intracameral injection 
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Figure 4. Graft with bullous kera- 
topathy transplanted to a healthy 
recipient (Group 'bullous graft'). 
The healthy peripheral host 
endothelium replaces the central, 
benzalkonium chloride (BAK)- 
damaged graft endothelium. Top: 
Green fluorescent protein/4',6- 
diamidino-2-phenylindole (GFP/ 
DAPI) staining (original magnifica- 
tion 1200*). Bottom: Alizarin red 
S staining (original magnification 
100x). 
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in rabbits [17-19]. Recently, the bullous keratopathy model has 
also been adapted for use in mice [20]. Yang et al. produced 
bullous keratopathy in one eye of a male rabbit, and the graft 
from a female rabbit was transplanted. Four months later, 
the detection frequency of the sex chromatin stained with 
acetic orcein was similar between the cells in the graft and in 
the bullous host cornea, indicating that the cells in the host 
had migrated from the graft [18]. In contrast, Nakahori et 
al. performed exchange keratoplasties between rabbits with 
damaged graft endothelium and damaged host endothelium. 
The authors found that an EC layer was apparent on previ- 
ously damaged grafts after 4 weeks, while the former host 
endothelium did not recover [19]. These results are similar 
to our own observations, even though their experiments did 
not show whether the regenerated cells on the graft were host 
derived or equaled recovered graft endothelium. 

In humans, little is known about the fate of donor or host- 
derived ECs following transplantation. A distinct marker is 
needed to distinguish donor and recipient cells. Some studies 
have used fluorescence in situ hybridization of sex chromo- 
somes on corneal graft explants in a sex-mismatched situation 
between the original donor and the host to analyze whether 



the ECs on the graft are graft or host derived. The first study 
found no donor ECs 1-30 years after the original keratoplasty 
(in ten out of these 14 cases endothelial failure/rejection was 
the reason for graft explantation) [21]. In contrast, Lagali et 
al. demonstrated that 26 out of 35 grafts retained graft ECs 
up to 3 years after transplantation in varying percentages. 
Donor cells were reported to be distributed throughout the 
corneal sections in a seemingly random fashion [22]. Thus, 
although these experiments showed that graft ECs in humans 
can either remain intact or be replaced by the host endothe- 
lium (reasons for either reaction are not clear thus far), these 
experiments cannot answer the question whether graft endo- 
thelium can repopulate the host cornea just as well [23] since 
the peripheral host cornea is not accessible for fluorescence 
in situ hybridization in living humans. 

In our set of experiments, GFP expression allowed us 
to monitor the cell origin of the graft and the host cornea. 
Transplantation of a BAK-damaged graft into a healthy host 
resulted in replacement of the damaged graft endothelium by 
GFP-positive host ECs. Previously, we have shown that when 
transplanting an EC-free graft (mechanical EC removal), 
the healthy peripheral rat corneal endothelium is capable of 
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repopulating this transplant. When performing allogeneic 
rat keratoplasties, the immune reaction leads to EC loss of 
the graft, and then is likewise followed by a host-derived EC 
repopulation [12,24]. All these results consistently demon- 
strate that the peripheral rat endothelium has the potency to 
recover the EC layer of a graft devoid of or with a strongly 
damaged endothelium. 

Although proliferation was not specifically assessed 
again in the current study, immunohistochemical staining in 
our previous study clearly showed that EC regeneration in the 
rat keratoplasty model is based on not only cell migration but 
also EC proliferation [12]. 

Interestingly, when the exchange keratoplasty was 
performed (transplanting a healthy graft into a host with a 
damaged endothelium, which equals the common clinical 
implication of keratoplasty for bullous keratopathy), the 
graft endothelium did not replace the peripheral host ECs in 
our rat model. This might be due to the higher regenerative 
capacity of peripheral Ecs, and might support the hypothesis 
of peripheral endothelial precursor cells. However, periph- 
erally trephined transplants including a limbal portion did 
not change this result. This observation does not necessarily 
refute the hypothesis of the increased peripheral regenerative 
capacity of ECs. There are several possibilities why these 
transplants did not show increased EC regeneration. First, the 
transplants were placed centrally due to technical reasons in 
rat keratoplasty, and whether limbal areas transplanted to a 
different area of the cornea function unchanged is unknown. 
We observed that the epithelium (data not shown) of the 
graft was rapidly replaced by the host epithelium, directed 
from the periphery to the center, just as in grafts without a 
limbal portion. This failure to preserve the epithelial regen- 
erative capacity of the transplanted limbal area in this rat 
keratoplasty model might also be true for the endothelial 
regenerative capacity of the peripheral endothelium. Second, 
EC regeneration might be directional, and the regeneration 
of transplanted limbal area might still be directed toward the 
center and thus not extend onto the host cornea. This hypoth- 
esis is emphasized by the work of He et al., which suggested 
a continuous slow centripetal migration of ECs throughout 
life [25]. 

Taken together, our in vivo experiments in the rat indi- 
cate that EC repopulation of damaged corneal grafts occurs 
by the host, while the repopulation of damaged peripheral 
ECs by a graft is not as easily accomplished. This further 
supports the hypothesis hat there are differences between 
central and peripheral corneal ECs in vivo. 
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